In the present study, we have studied the effect of stimulation of inositol 1,4,5-trisphosphate (InsP $ ) receptors using histamine. We find that histamine produces a heterogeneous increase in [Ca# + ] M , reaching peak levels at approx. 1 µM in 70% of the mitochondrial space to several hundred micromolar in 2-3 % of mitochondria. Intermediate levels were found in the rest of the mitochondrial space. Single-cell imaging experiments with
INTRODUCTION
In recent years, growing evidence suggests that mitochondria strategically placed in the vicinity of Ca# + entry or release sites play an important role in local Ca# + signalling. Structural studies have shown in different cell types that some mitochondria are placed in close proximity to the endoplasmic reticulum (ER) [1] [2] [3] [4] [5] or the plasma membrane [5] [6] [7] . Consistently, functional studies have also indicated that mitochondria take up large amounts of Ca# + after ER Ca# + release [5, [7] [8] [9] [10] or Ca# + entry from the extracellular medium [5] [6] [7] [11] [12] [13] [14] [15] [16] . Because of the low Ca# + -affinity of the mitochondrial Ca# + import system (the Ca# + uniporter), this large Ca# + uptake can only happen if some mitochondria are located at short distances from the mouth of the Ca# + channels. These mitochondria would sense local [Ca# + ] much greater than the mean cytosolic [Ca# + ] ([Ca# + ] c ), thus taking up Ca# + much faster (for a review see [17] ).
The best evidence for this hypothesis has been obtained using targeted aequorin, and taking advantage of the property of aequorin of being selectively consumed in high- [ [9] . These findings suggested that ER Ca# + Abbreviations used : AEQ1, wild-type aequorin reconstituted with native coelenterazine ; AEQ2, wild-type aequorin reconstituted with coelenterazine n ; AEQ3, mutated aequorin reconstituted with coelenterazine n ; [ 1 To whom correspondence should be addressed (e-mail jalvarez!ibgm.uva.es).
aequorin showed that the heterogeneity had both an intercellular and a subcellular origin. Those mitochondria responding to histamine with increases in [Ca# + ] M much greater than 1 µM (30 %) were the same as those that also responded with large increases in [Ca# + ] M following stimulation with either high-K + medium or caffeine. Blocking mitochondrial Ca# + uptake with protonophores or mitochondrial inhibitors also enhanced catecholamine secretion induced by histamine. These results suggest that some InsP $ receptors tightly co-localize with ryanodine receptors and voltage-dependent Ca# + channels in defined subplasmalemmal functional units designed to control secretion induced by different stimuli.
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release induced a large increase in [Ca# + ] in only approx. 30 % of the mitochondria and, in particular, those placed closer to the ER. This idea was confirmed by further studies in permeabilized cells showing that the buffered [Ca# + ] required to mimic the mitochondrial Ca# + uptake induced by histamine was much higher than that measured in the cytoplasm after histamine stimulation. Moreover, the whole mitochondrial space took up Ca# + homogeneously during perfusion with [Ca# + ] buffers [8, 9] .
We have recently attained similar conclusions working in chromaffin cells [7] , but, in this case, approx. 50 % of the mitochondria were associated with voltage-dependent Ca# + channels in the plasma membrane. Most of these mitochondria were also coupled to ER Ca# + release via ryanodine receptors. A larger increase in [Ca# + ] M after cell depolarization in mitochondria close to the plasma membrane has been also confirmed by structural studies obtained with X-ray microanalysis [6] . Given that Ca# + uptake by these mitochondria also appeared to control catecholamine secretion [7, 18] , we developed the concept of functional units to account for the close coupling observed among plasma-membrane Ca# + channels, ER ryanodine receptors, mitochondria and secretory vesicles [7] . In the present study, we have investigated the effects of InsP $ -receptor stimulation and their relationship with the above-mentioned functional units. Our results show that InsP $ receptors are also present in the functional units and their stimulation produces large increases in [Ca# + ] M in a small subpopulation of mitochondria. Moreover, abolition of mitochondrial Ca# + uptake strongly enhanced catecholamine secretion induced by InsP $ -generating agonists.
EXPERIMENTAL Cell culture and expression of aequorin
Bovine adrenal medulla chromaffin cells were obtained as described previously [19] and were used within 1-3 days. Aequorins targeted to mitochondria and cytosol [20, 21] were gifts from Professor Tullio Pozzan, Department of Medical Sciences, University of Padova, Padova, Italy. Mutated mitochondrial aequorin (Asp""* Ala) was obtained by replacing in-frame the wild-type aequorin with the mutated aequorin DNA [22] . Preparation of mutated aequorin targeted to the ER has been described previously [22] . Expression in chromaffin cells was achieved by infecting the cells with a defective herpes simplex virus type 1 containing the gene for each type of targeted aequorin. Virus packaging and titreing have been described previously [23] . Chromaffin cell cultures (5i10& cells\0.5 ml) were routinely infected 12-24 h prior to measurements with 2i10$ infectious virus units.
[ 
measurements in cell populations
For aequorin reconstitution, cells expressing wild-type aequorin targeted to the cytosol were incubated for 1-2 h at 22 mC with 1 µM of wild-type coelenterazine in standard incubation medium [145 mM NaCl, 5 mM KCl, 1 mM MgCl # , 1 mM CaCl # , 10 mM glucose and 10 mM Hepes (pH 7.4)]. Cells expressing wild-type aequorin targeted to the mitochondria were incubated for 1-2 h at 22 mC with either 1 µM of wild-type coelenterazine (AEQ1, possessing high Ca# + -affinity) or 1 µM of coelenterazine n (AEQ2, possessing intermediate Ca# + -affinity). Cells expressing mutated aequorin targeted to the mitochondria were incubated for 1-2 h at room temperature with 1 µM of coelenterazine n (AEQ3 ; possessing low Ca# + -affinity). Cells were then placed in the perfusion chamber of a purpose-built thermostatic luminometer at 37 mC. In the case of aequorin targeted to the ER, Ca# + depletion of the ER was required prior to reconstitution. In this case, cells were incubated for 10 min in medium containing 145 mM NaCl, 5 mM KCl, 1 mM MgCl # , 0.5 mM EGTA, 10 µM 2,5-di(tert-butyl)hydroquinone (an inhibitor of ER Ca# + -ATPase), 10 mM glucose and 10 mM Hepes (pH 7.4). After washing once with the above medium, cells were placed in the same medium in the presence of 1 µM coelenterazine n for 1-2 h. Before starting the experiment, cells were placed in the perfusion chamber of the luminometer and perfused with the same medium without 2,5-di(tert-butyl)hydroquinone for at least 5 min. Experiments with ER-targeted aequorin were performed at 22 mC to reduce the rate of aequorin consumption.
In order to calibrate the data obtained in terms of [Ca# + ] M , the total amount of luminescence emitted by the sample is required. Thus at the end of every experiment it is essential to perfuse lysis solution containing detergent (100 µM digitonin) and excess Ca# + (10 mM) to measure all the remaining aequorin luminescence. To transform luminescence data into [Ca# + ], a computer program was used to subtract the background and calculate the fractions L\L max at every point along the experiment [where L is the luminescence value at each point (minus the background) and L max is the integral of luminescence (minus the background) from that point to the end of the experiment]. L\L max values were then transformed into [Ca# + ] values using a mathematical algorithm [21] . In some experiments, most of the luminescence was assumed to come from a subcompartment of the whole mitochondrial space (see below). In these cases, calibration of the real [Ca# + ] reached in the subcompartment was achieved by using a value of L max corresponding to approximately the total luminescence coming from that subcompartment. Calibration was performed using the calibration curves corresponding to each aequorin type and temperature [7, 24, 25] . Aequorin consumption was calculated as the integral of the luminescence measured during the course of the experiment and normalized as a percentage.
Measurements of single-cell [Ca
For bioluminescence imaging [26, 27] , cells were placed into a thermostatic perfusion chamber at 37 mC under a Zeiss Axiovert S100 TV microscope (Fluar 40i oil, 1.3 numeric aperture objective) and perfused at 5-10 ml\min with the test solutions prewarmed to 37 mC. At the end of each experiment, cells were permeabilized with 100 µM digitonin in 10 mM CaCl # to release all the residual aequorin counts. Images were taken with a Hamamatsu VIM photon-counting camera handled with an Argus-20 image processor and integrated for 10 s periods. Photons\cell in each image were quantified using the Hamamatsu Aquacosmos software. Total counts per cell ranged from between 10$ and 10& and noise was 1p1 counts per second per typical cell area (2000 pixels ; meanpS.D.). Data were first quantified as rates of photoluminescence emission\total counts per second remaining at each time point and divided by the integration period (L\L TOTAL , in s −" ). Calibrations of [Ca# + ] were performed using the calibration curve described previously [7, 21] . A transmission image was also taken at the beginning of each experiment.
Single-cell measurements of [Ca# + ] c were performed in cells loaded with fura 2 (2 µM ; 60 min at 25 mC) as described previously [28] . Cells were epi-illuminated alternatively at 340 and 380 nm and light emitted above 520 nm was recorded by an extended ISIS-M camera (Photonic Science, Robertbridge, East Sussex, U.K.) and analysed using an Applied Imaging Magical image processor (Sunderland, U.K.). Eight frames excited at every wavelength were averaged by hardware with a time resolution of 1.7 s for each pair of images. All the experiments were performed at 37 mC.
On-line measurements of catecholamine release from populations of bovine chromaffin cells
Cells were stimulated to secrete catecholamines with short pulses (2 s) of Krebs-Hepes solution [144 mM NaCl, 5.9 mM KCl, 2 mM CaCl # , 1.2 mM MgCl # , 11 mM glucose and 10 mM Hepes (pH 7.4)] containing histamine. Following stimulation, cells were carefully scraped off the bottom of the Petri dish with a rubber policeman and centrifuged at 120 g for 10 min at 22 mC. The cell pellet was resuspended in 200 µl of Krebs-Hepes solution. Cells were introduced in a jacketed microchamber for superfusion at 37 mC at a rate of 2 ml\min. The liquid flowing from the superfusion chamber passed through an electrochemical detector (model 641 VA ; Metrohm AG, Herisau, Switzerland) placed at the outlet of the microchamber. This enabled the on-line monitoring, in the amperometric mode, of the amount of catecholamines secreted [29] .
RESULTS
Stimulation of bovine chromaffin cells with histamine produces a fast Ca# + release from the ER, via InsP $ receptors, that can be elicited repetitively with little signs of desensitization [30] . To study the effect of histamine on [Ca# + ] M , three aequorin probes with different Ca# + affinities were used as reported previously [7] . AEQ1 (high Ca# + -affinity) and AEQ2 (intermediate Ca# + -affinity) correspond to mitochondrially targeted native aequorin reconstituted with either wild-type coelenterazine or the semi-synthetic derivative coelenterazine n respectively. The only explanation for these discrepancies in the calibrated values obtained with the different aequorins is that the mitochondrial Ca# + signal during stimulation is high enough to saturate AEQ1 and AEQ2. When aequorin becomes saturated with Ca# + , the rate of light emission is no longer proportional to the [Ca# + ], and becomes so fast that most of the aequorin molecules emit their photons within a few seconds. This should lead to a complete consumption of the aequorin exposed to such high [Ca# + ]. However, the aequorin-consumption traces (dotted lines) show that only a relatively small percentage of the total AEQ1 or AEQ2 was consumed after the first histamine stimulation. Aequorin consumption after the first histamine addition was 30p1 % (meanpS.E.M., n l 5) in cells expressing AEQ1 and 9.6p0.3 % (meanpS.E.M., n l 6) in cells expressing AEQ2. This suggests that saturation of AEQ1 or AEQ2 may occur only in a small mitochondrial subcompartment, leading to nearly complete consumption of the aequorin enclosed within that compartment. If this were correct, subsequent stimulations with histamine that produce similar responses in terms of [Ca# + ] c or [Ca# + ] ER (see Figure 1) should produce a much smaller luminescence response from mitochondrial aequorin. This was the case, because the first luminescence peak induced by histamine was much larger than the second one (8. Regarding the data obtained with AEQ3, consumption after the first histamine stimulation was much smaller (1.1p0.2 % ; meanpS.E.M., n l 5 ; notice the different scale in Figure 2C ). However, both the height of the luminescence peaks and the consumption decreased rapidly in the second and third consecutive peaks. Figure 3(A) shows the accumulated AEQ3 consumption in the experiment from Figure 2 (C), which was comparable with the mean data obtained from five similar experiments ( Figure 3B ). These accumulated aequorin consumption patterns could be fitted by exponential or sigmoidal curves (the fitting procedure did not significantly modify the final result) that gave extrapolated values for the maximum expected consumption after a long series of peaks to be approx. 2-2. Another relevant question is whether or not these mitochondrial spaces are somehow related to those activated by high K + depolarization or caffeine. We have shown previously [7] that activation of Ca# + entry with high K + produces a large [Ca# + ] M peak of approx. 500 µM in 50% of mitochondria, and stimulation of ryanodine receptors with caffeine produces a similarly large [Ca# + ] M peak in 30 % of mitochondria. In both cases, full saturation of AEQ2 was reached in those mitochondria, and the real [Ca# + ] M values could only be measured using AEQ3. High K + stimulation abolished the subsequent [Ca# + ] M response induced by caffeine, suggesting that both mitochondrial spaces overlapped completely (30 % of mitochondria responded to both, and an additional 20 % only to high K + ). These experiments suggested that plasma-membrane Ca# + channels and ryanodine receptors were co-localized with mitochondria constituting defined functional units [7] . In the present study, we have performed similar experiments using histamine, caffeine and high K + . Figure 5 shows the effect of the consecutive addition of these stimuli on to the other stimuli. Of course, the [Ca# + ] M response to histamine was much smaller than that induced by high K + or caffeine both in the magnitude of the [Ca# + ] M peaks and in the percentage of mitochondrial space involved.
Figure 4 Single-cell imaging of chromaffin cells expressing aequorin
As shown in Figure 2 (A), histamine also produced [Ca# + ] M peaks that saturate AEQ1 in an additional 20 % of the mitochondria, but produce a minor response using AEQ2 ([Ca# + ] M approx. 10 µM). The question now arises as to whether these mitochondria also undergo large [Ca# + ] M peaks in response to high K + and caffeine or, alternatively, they are located at more internal locations. Figure 6 shows experiments similar to those in Figure 5 but performed with AEQ1. Again, both high K + and caffeine abolished the [Ca# + ] M increase and aequorin consumption induced by histamine under these conditions (compare with Figure 2A ). This suggests that even these mitochondria responding to histamine with intermediate [Ca# + ] M peaks also appear to be close to Ca# + entry sites or to ryanodine receptors.
Finally, we have studied whether mitochondrial Ca# + uptake modifies histamine-induced catecholamine secretion by investigating the effects of the mitochondrial uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and the combination of mitochondrial inhibitors rotenone and oligomycin on the secretory response induced by histamine. Figure Inositol 1 
by repeated pulsing with 10 µM histamine. It should be observed that the magnitude of such a response decayed considerably from 50 nA in the first pulse to 20 nA in the second one. However, during the third pulse when FCCP (20 µM) was given for 5 s before histamine, the response was enhanced dramatically, reaching a peak of 100 nA. This potentiation is better seen in Figure 7(B) , where the means of eight experiments, expressed as the total secretion in microcoulombs, are shown (see Figure legend) . The second pulse of histamine evoked 0.3 µC of catecholamine release, whereas the third pulse with FCCP increased this response to as much as 4 µC, more than 10-fold higher.
The same picture emerged when using oligomycin (3 µM) and rotenone (4 µM) to block the uptake of Ca# + into mitochondria, although the potentiation of secretion was lower than with FCCP. Figure 7(C) shows the secretory spikes obtained in a representative experiment, with the mean data from 19 experiments shown in Figure 7(D) . In the absence of oligomycin and rotenone, histamine caused a secretory response of 0.4 µC, whereas, after treatment with oligomycin and rotenone, secretion more than doubled to 0.9 µC.
The effects of FCCP and oligomycin and rotenone on histamine-induced [Ca# + ] c peaks were also tested in single-cell 
DISCUSSION
In recent years, results from different laboratories have provided evidence that mitochondria play an important role in intracellular Ca# + homoeostasis. They accumulate large amounts of Ca# + during cell stimulation and constitute probably the most important intracellular buffer of cytosolic Ca# + transients [13, 31] . Moreover, mitochondria have also been shown to control the Ca# + inactivation properties of capacitative Ca# + channels [32, 33] and voltage-dependent Ca# + channels [34] , probably due to its Ca# + buffering capacity. In chromaffin cells, measuring [Ca# + ] M with low-Ca# + -affinity-targeted aequorin, we have shown recently that a subpopulation of mitochondria reached a [Ca# + ] M of approx. 500 µM during stimulation with high K + or caffeine [7] . Abolition of this [Ca# + ] M increase with protonophores or mitochondrial toxins dramatically enhanced catecholamine secretion [7, 18] , suggesting that mitochondria may be a key regulator of neurosecretion. Our experiments with targeted aequorin also suggested the presence in chromaffin cells of complex functional units composed of plasma-membrane voltage-dependent Ca# + channels, ER ryanodine receptors and mitochondria [7] . These functional units would most likely be coupled to secretory vesicles ready to be released, thus controlling the rate of secretion.
In the present study, we have studied the effect of Ca# + release from the ER via InsP $ receptors on mitochondrial Ca# + uptake and catecholamine secretion. Our data suggest that activation of InsP $ receptors produces a highly heterogeneous increase in [Ca# + ] M . Subcellular heterogeneity was explored by use of aequorins with different Ca# + affinities and by taking advantage of its large dynamic range and its irreversible consumption during the experiments. These properties allow the [Ca# + ] both in regions with the highest [Ca# + ] (whose luminescence is so intense than the luminescence from other regions becomes negligible when measured using low-Ca# + -affinity aequorin) and the lowest [Ca# + ] (after full consumption of the high-Ca# + -affinity aequorin present in the other compartments) to be measured precisely. This kind of analysis allowed us to distinguish two mitochondrial compartments, one containing approx. [27] .
A relevant question here regards whether the 2-3 % of mitochondrial space that produces the very large [Ca# + ] M peaks corresponds to separate mitochondria, or if it may just reflect spatially defined differences in the Ca# + response of an extended mitochondrial reticulum. If the second alternative were correct, we would expect that diffusion of aequorin along the mitochondrial lumen should be able to restore the luminescence response after the local consumption induced by previous stimulation. This phenomenon was never observed even using times of 10-15 min, and so we conclude that either the mitochondrial reticulum is not completely continuous or, alternatively, that protein diffusion along the lumen is highly restricted.
Another important question was whether or not the mitochondria that responded with high [Ca# + ] M peaks to histamine were the same as those that responded to high K + or caffeine stimulation [7] . The results from Figures 4 and 5 increase induced by high K + or caffeine, it could be argued that these stimuli may affect the mitochondrial pool sensitive to histamine even in the absence of functional colocalization. However, this effect would hardly explain the nearly complete abolition of the response to histamine after caffeine or high-K + stimulation, unless additional assumptions are made, e.g. heterogeneous response of individual mitochondria to a similar increase in [Ca# + ] c . This is not the case in permeabilized cells, where the whole mitochondrial population responds relatively homogeneously to perfusion of controlled [Ca# + ] [7] , but this possibility cannot be excluded yet in intact cells. Of course, our data provide only functional evidence for the co-localization of mitochondria, InsP $ receptors, ryanodine receptors and plasma-membrane Ca# + channels. Definitive demonstration will require morphological studies using immunoelectron microscopy. We should remark that our present (this study) and previous [7] data do not exclude that InsP $ receptors or ryanodine receptors may also be found widely distributed throughout the ER. Our [Ca# + ] M measurements indicate that these receptors are tightly coupled to mitochondria only in precise locations near the plasmalemma (the functional units). Internal regions of the ER may also have InsP $ receptors or ryanodine receptors, but they are apparently not tightly coupled to mitochondria.
The presence of InsP $ receptors in the functional units suggests that they may contribute to the release of Ca# + close to secretory sites. The data in Figure 7 show that abolition of mitochondrial Ca# + uptake with FCCP or mitochondrial inhibitors enhanced the secretory response to histamine. However, the use of protonophores or mitochondrial inhibitors to block mitochondrial Ca# + uptake has the drawbacks of the possible reduction of cellular ATP levels and the possible side-effects of FCCP acting as a protonophore in other cellular targets. To minimize these problems, FCCP was added for only a very short time (5 s) before histamine, and oligomycin was applied together with rotenone to avoid mitochondrial ATPase reversal. The kinetics of the histamine-induced [Ca# + ] c peaks obtained after these treatments were similar to that of the controls, suggesting that the possible variations of ATP levels were not enough to modify the global Ca# + homoeostatic processes. We cannot exclude, however, the presence of variations in ATP levels, perhaps even in local subcellular environments, which could affect secretion but not Ca# + homoeostasis. On the other hand, the effect of FCCP enhancing secretion was much stronger than that of rotenone and oligomycin. This could be due to the faster and stronger mitochondrial depolarization induced by this agent compared with the mitochondrial inhibitors, but could also be attributed to additional non-specific effects of the protonophore. We should therefore be cautious with regard to the interpretation of these experiments. Unfortunately, at the present moment, there are no alternative means to inhibit mitochondrial Ca# + uptake in intact cells. The lack of effect of FCCP or the mitochondrial inhibitors on the histamine-induced [Ca# + ] c peaks contrasts with the increase observed in the high-K + -induced [Ca# + ] c peaks in the presence of protonophores [35] . The reason is probably that the amount of Ca# + sequestered by mitochondria is much smaller after stimulation with histamine, so that global [Ca# + ] c changes are not significantly affected.
In conclusion, our present and previous data draw a novel view regarding the role of organelles in neurosecretion. The ER is a large Ca# + store able to potentiate secretion by releasing Ca# + near the secretory sites by either Ca# + -induced Ca# + release [30] or activation of InsP $ receptors (the present study). On the other hand, mitochondria strategically located close to these sites act as a damper of the local Ca# + transients and consequently reduce the magnitude of the secretory response [7] . In contrast, Ca# + uptake by mitochondria also serves to protect plasma-membrane Ca# + channels from Ca# + -dependent inactivation [34] . This mechanism should help to keep the channels open, increase the duration of the Ca# + entry and enhance the secretory response. The interplay between these effects of the ER and mitochondria probably constitutes a key factor in the modulation of secretion and perhaps in the generation of synaptic plasticity. Moreover, alterations in these complex organelle inter-relationships may also underlie the development of a variety of neurodegenerative diseases. 
